The Huygens probe landed on the then unknown surface of Titan in January 2005. A 47 small, protruding penetrometer, part of the Surface Science Package (SSP), was pushed into the 48 surface material measuring the mechanical resistance of the ground as the probe impacted the 49 landing site. We present laboratory penetrometry into room temperature surface analogue 50 materials using a replica penetrometer to investigate further the nature of Titan's surface and 51 examine the sensor's capabilities. The results are then compared to the flight instrument's 52 signature and suggest the Titan surface substrate material consists of sand-sized particles with a 53 mean grain size ~2 mm. A possible thin 7 mm coating with mechanical properties similar to 54 terrestrial snow may overlie this substrate, although due to the limited data we are unable to 55 detect any further layering or grading within the near-surface material. The unusual weakening 56 with depth of the signature returned from Titan has, to date, only been reproduced using a damp 57 sand target that becomes progressively wetter with depth, and supports the suggestion that the 58 surface may consist of a damp and cohesive material with interstitial liquid contained between its 59 grains. Comparison with terrestrial analogues highlights the unusual nature of the landing site 60 material. 61 62
The penetrometer front-end electronics consists of a charge amplifier followed by a 162 pseudo-logarithmic amplifier used to accommodate the large range of input signals that could be 163 generated from the possible impact forces. This pseudo-logarithmic amplifier has three linear 164 gain branches selected depending on the input voltage. In the case of the flight data, only the 165 high-gain branch of this amplifier was used, as the force on the penetrometer was at the low 166 (softer impact) end of the range. An anti-aliasing filter is used to remove frequencies above the 167 sensor's Nyquist frequency (5 kHz) before an 8-bit Analogue to Digital converter (ADC). Figure  168 3 summarises the signal processing paths for the flight and laboratory data. 169
[Insert Fig. 3 here] 170
The replica penetrometer was made using a piezoelectric crystal from the same batch as 171 the flight and flight spare penetrometers and constructed in accordance with the original assembly 172 instructions. The charge generated by the piezoelectric crystal leaks away rapidly after the 173 application of a force to the penetrometer tip. For this reason, it is not possible to calibrate the 174 crystal by applying static loads-a known dynamic force must be used instead (Lorenz et al., 175 1994; Zarnecki et al., 1997) . The original ACC-E penetrometers were calibrated using a small 176 pendulum jig to strike the sensor tip with different impactors (Lorenz 1994a; Lorenz et al., 1994) . 177
For the replica penetrometer, a different method was used based on a mass moving on a 178 frictionless horizontal linear bearing colliding with the force transducer (Fujii, 2006; Fujii and 179 Fujimoto, 1999) . This highly accurate calibration method used an optical interferometer to9 determine the change in momentum of the moving mass before and after the collision. This 181 change is equal in magnitude to the time integrated impulse acting on a force transducer. Given 182 that this degree of calibration accuracy was not required for the penetrometer, the interferometer 183 was replaced with a suitable accelerometer which allowed a direct determination of the impact 184 force for a known impact mass. The limitations of impacting mass that could be supported on the 185 frictionless linear track used meant only the high gain branch was calibrated. Piezoelectric crystal 186 sensitivity varies with temperature and therefore a conversion factor of 1.83 (Lorenz et al., 1994 ) 187 was required to account for the reduction in sensitivity of the flight signature returned from 188
Titan's -180°C surface compared to the room temperature analogue signatures. 189
190

Identifying substrate material grain size 191
Grain size is of key interest to the Huygens penetrometry investigation due to the strong 192 indication of a sedimentary granular environment at the landing site (Tomasko et al., 2005) . One 193 approach to this type of investigation has attempted to reconstruct the grain size distributions of 194
Martian soil analogues from their quasi-static penetrometry signatures by examining frequency 195 content (Kargl et al., 2009) . The limitations imposed by the length, the relatively low sampling 196 rate of the ACC-E penetrometer and higher speed of impact meant this technique could not be 197
applied. An alternative method was used to examine laboratory penetrometry drops collected at 198 the probe's impact speed into targets of glass and plastic spherical beads of known material 199 densities and with diameters between 1 and 8 mm. The amplitude of each peak in the resulting 200 signatures was identified after discarding peaks due to signal noise determined by examining the 201 pre-impact signal. First, to ensure the data were stationary, a moving average was subtracted from 202 each signature. The signature data points were then stepped through and all consecutive rises 203 10 between sample points summed until a falling value was found. If the sum of the rises was 204 greater than a 95% confidence level of the pre-impact signal (i.e. peak to trough as the 205 penetrometer is falling towards the target), the peak was considered significant and the point was 206 marked as a peak candidate. For this value to be accepted as a peak, an equivalent fall or sum of 207 consecutive falls must follow this candidate point. A similar method was used to find trough 208 candidates (Fig. 4) . The mean value of peak to trough height for each target was then determined. 209
[Insert Fig. 4 here] 210
During this analysis, a regular enhancement of the penetration force in the first 8-10 mm 211 of target penetration or 'tip entry effect' was evident that considerably affected the mean peak to 212 trough height and variability. This distance corresponds approximately to the length of the ACC-213 E hemispherical tip as it enters the target surface. In general, the effect was found to be greater 214 for larger beads. One possible explanation is given by comparison of the size of the penetrometer 215 tip to the target beads. Smaller bead targets present more of a smooth continuum surface to the tip 216 with each bead having proportionately less effect on it. However, large beads whose size is 217 comparable to the tip form an uneven target surface with variations in both the number and 218 position of the beads impacted. After the tip has fully entered the target it is completely 219 surrounded and therefore gives a more uniform response. Figure 5 shows the magnitude of the 220 mean peak to trough force plotted against the bead mass after removal of the 'tip entry effect'. 221
[Insert Fig. 5 here] 222
A statistically significant empirical relationship between bead mass and the mean peak-223 trough amplitude, h, was found: 224 h = 37.79M 0.33 (1) 225 226
Substrate material properties with depth 227
The third stage (Fig. 2 ) of the flight signature lasts 8.3 ms and is unusual due to a 228 significant downward trend; resistance usually increases as the target material becomes 229 compacted in front of the advancing penetrometer, and/or overburden pressure increases the 230 penetration resistance. Several analogues were tested to try to reproduce this trend. One 231 possibility, given the fluvial nature of the surface seen in DISR images, was that the granular 232 material could be size sorted with depth, which might affect the resistance. This effect, known as 233 graded bedding, is due to changes in the flow speed of the liquid transporting the grains and can 234 result in either 'normal grading', where the grain size coarsens with depth, or 'inverse grading' 235 where the material becomes finer with depth. 236
Artificial graded targets were produced with layers of the four sizes of available glass 237 beads (8, 6, 4 and 1 mm diameter). Whilst some of the inverse graded drops had a downward 238 trend the gradients varied too much to be pursued as a suitable analogue. 239
Further attempts to reproduce a downward trend using clay targets with added voids were 240 only partially successful in modifying the typically flat clay signature to a slightly downward-241 sloped one. The gradient of the Titan signature is significantly greater over a short length than 242 seen in a clay void target. Early material catalogue work had shown that some water-wetted sand 243 targets were able to produce a downward signature slope although the amount and distribution of 244 liquid had not been well characterized (Paton, 2005) . Examining the effect of water on 245 penetration resistance in soils is often done using penetrometers with combined Time Domain 246
Reflectometry (TDR) probes that measure soil water content in situ as they penetrate the soil (see 247 e.g., Vaz et al., 2001) . The ACC-E did not have this capability; however by using a ThetaProbe 248 (Delta-T, 1999) to measure the moisture through small sampling points in the target container 249 wall, water distribution could be determined immediately prior to penetrometer impact with 250 12 minimal target disturbance. Sand targets were prepared in a rigid plastic cylindrical container 251 (diameter 320 mm and sand surface at 350 mm) using a similar method to that used in an 252 investigation to measure elastic wave velocities in saturated sand (Velea et al., 2000) . Two target 253 materials were used: well-sorted coarse grained Leighton Buzzard DA 16/30 sand (median grain 254 size, D50 = 614 µm) and well-sorted fine grained RH T sand (D50 = 230 µm) both locally 255 sourced from the WBB Minerals Ltd., Double Arches quarry in Leighton Buzzard, U.K.. The 256 sand targets were poured loosely in the container giving approximate dry bulk densities of 1.51 257 and 1.57 g cm -3 for the LB DA 16/30 and RH T sand respectively. To make a reproducible wet 258 target, water from an external feed bottle was introduced into the sand from below through a 259 perforated hose by capillary action causing minimal disturbance to the sand. The sand was 260 allowed to saturate completely to ensure even settlement and a glass straw (open to the 261 atmosphere) in the feed bottle was set at the required water table level. The sand was then 262 allowed to dry overnight until air in the straw of the feed bottle started bubbling up. At this point, 263 the water table is level with the bottom of the straw in the feed bottle. This produces, by capillary 264 action, a moisture gradient between the water table and the surface that can be controlled by 265 adjusting the depth of water table from the surface (or equivalently its height from the fixed 266 bottom of the target container). Immediately prior to the drop into the target, the water content 267 was sampled at several points along the height of the container using the ThetaProbe that after 268 calibration gave a DC voltage related to the soil water moisture content. necessity to allow each sand to dry completely before it could be used to prepare a new target, 275 only four drops were carried out into each of the two sands. For comparison with the wet sand 276 signatures, several drops were also carried out into the two dry sands at loose and dense 277 compaction states. Representative signatures from these drops are shown in Fig. 7 and Fig. 8 . 278
[Insert Fig. 7 here] 279
[Insert Fig. 8 here] 280
The coarser grained LB sand has a higher penetration resistance than the finer RH T sand 281 and, as expected, the compacted state of each sand type has greater mechanical strength than the 282 loose state. Once water is introduced into these sands even in small quantities, their penetrometry 283 signatures change considerably. Figure 9 shows the RH T sand signatures for the four 284 configurations tested. With the exception of the drop into sand with the lowest water table (d), the 285 characteristic dry sand shape is not seen; the initial tip entry peak of the sand has gone. The other 286 signatures are similar to that of cohesive clay, with a gradual rising slope followed by an 287 essentially constant resistance plateau. This plateau seems to vary in force depending on the 288 height of the water table. The saturated sand, (a), has the lowest resistance, only slightly higher 289 than that of the same sand when dry and in a loosely packed state (Fig. 7) . In contrast, the sand 290 with the lowest water table at z=150 mm, (d), has a much greater resistance with a plateau phase 291 nearly twice that of the same sand in the dry dense state. The tip entry peak also returns in this 292 signature. The entry rise of each signature also varies with the moisture content of the sand. The 293 sand with the lowest water table and therefore driest surface, (d), has the sharpest rising force. As 294 the water table is raised and the moisture content of the sand near the surfaces increases, this 295 entry rise becomes increasingly gradual. 296
[Insert Fig. 9 here] 297
Coarser LB sand in the same wet drop configurations produces different results (Fig. 10) . 298 A drop into saturated sand (a) shows a considerably reduced tip entry peak compared with drops 299 into the same sand when dry, followed by a constant resistance plateau similar to that seen in the 300 wet RH T sand. In subsequent drops, (b) and (c), as the water level is lowered the initial tip entry 301 peak increases in resistance but falls gradually producing a downward gradient similar to that 302 seen in the Huygens signature. Finally, in drop (d) with the saturation level 200 mm below the 303 target surface, the sand starts to behave as if in the dry state again, with a slightly more 304 pronounced tip-entry peak and a gradual increase in resistance with depth in the plateau phase. 305
These signatures again show how the addition of small quantities of water between the grains of 306 sand can modify the penetrometry signature even over a short penetration distance and, in some 307 cases, more than double the average penetration resistance compared to the same sand in the dry 308 The laboratory analogue penetrometry work can be compared with the signature returned 313 by the ACC-E penetrometer from the Huygens landing site and some of the findings described 314 previously can be applied. Although the first two stages of the flight data are of extremely short 315 duration, the closest match suggests that the penetrometer's first contact with the surface may 316 have been into a thin coating on the substrate material with weaker mechanical properties than 317 terrestrial snow (Fig. 11) . At a 4.6 m s -1 impact speed, this putative coating has a thickness of 318 ~7mm. One possibility is that this layer is a loose covering of deposited atmospheric aerosols and 319 tholins. However, recent models of Titan's atmosphere indicate a surface deposition rate of 0.01 320 µm yr -1 (Soderblom et al., 2007) , which would suggest that this coating has been deposited over 321 a period greater than 700,000 years. This would seem to be at odds with the current picture of a 322 dynamic Titan surface at the Huygens Landing site. Alternative origins for this layer may be 323 aeolian or fluvial in nature. 324 [Insert Fig. 11 here] 325
In previous analogue work (Zarnecki et al., 2005) , the force spike seen in the second stage 326 was reproduced by impacts with small pebbles or with hard crusts; however, the images of the 327 surface taken with the DISR cameras suggest a surface shaped by fluvial processes (Tomasko et 328 al., 2005) with rounded pebbles 10-15 cm in diameter lying on top of a darker, grainy substrate 329 material, making an impact with the first of these analogues seem more likely. 330
Although the presence of water ice at the Titan landing site has yet to be confirmed 331 (Keller et al., 2008) , impacts at the Huygens speed were carried out into spherical water ice 332 particles of various masses frozen in liquid nitrogen, to reproduce the peak seen in stage 2 of the 333 Titan signature. While not conclusive, due to the difficulty in controlling the exact point of 334 impact between the penetrometer and ice particle, two drops into the smallest mass particle (~2g) 335 produced a signature peak of similar magnitude to that seen in the signature. This mass 336 corresponds to a spherical particle of approximately 16 mm in diameter, far smaller than the 337 scattered pebbles imaged on the surface by the DISR camera. Given that the accelerometer on the 338 SSP registered a small precursor peak of approximately 0.6 g in magnitude prior to the 339 penetrometer triggering, this would suggest that the probe foredome may have impacted a larger 340 pebble before the first contact of the penetrometer with a granule from the substrate material. 341
The downward pointing DISR Medium Resolution Imager (MRI) also separately imaged 342 the granular substrate material. Due to the limiting resolution of this imager, the smallest size of 343 grain that can be measured from the images is 3 mm. However, applying the results of the 344 laboratory bead drops, that the grain mass affects the amplitude of the peaks, an estimate of the 345 16 substrate material grain size can be made assuming spherical grains that consist only of water ice 346 which, at Titan's surface temperature, has a density of 0.93 g cm -3 (Collins, 2005) . Measuring 347 the amplitudes of the peak to trough forces in stage 3, identifies 21 peaks of which 11 are above 348 the assumed 1-bit noise level of the penetrometer electronics. These excursions have a mean 349 amplitude of 5.53 N which, using the empirical relationship found earlier gives a mean particle 350 mass of 0.003g. Using the relationship between particle diameter, d particle , and particle mass, M, 351 together with the water ice grain density, ρ,
gives a mean grain diameter of ~2 mm. This is a reasonable estimate given the very limited 354 quantity of flight data available and characterizes the grains as 'sand' according to the Udden-355
Wentworth classification scale (Wentworth, 1922) . Other work (Paton, 2005) This is coarse wetted LB sand (D50 = 614 µm) with a water table 150 mm below the sand surface 360 (i.e. z=200). Here the signature has been shifted horizontally, but not rescaled in any way, to 361 align with the third stage of the Huygens signature on which it is overlaid. 362 [Insert Fig. 12 here] 363
To demonstrate how unusual the downward trend seen in the Titan surface material is 364
compared with the terrestrial analogues tested, a material identification map is shown in Fig. 13 . 365
Two signature parameters, the mean force of peak to trough undulations and the gradient of the 366 signature were used to classify 17 types of analogue. 367 
